A series of isostructural dinuclear 3d-4f complexes, isolated as [CuLn(L·SMe)2(OOCMe)2(NO3)]·xMeOH (Ln = Gd 1, Tb 2, Dy 3 and Y 4; x = 0.75-1) and comprising one acetate and two thioether-Schiff base (L·SMe -) bridging ligands based on 4-(methylthio)aniline and 2-hydroxy-3-methoxybenzaldehyde (HL·SMe = C15H15NO2S), was synthesized and fully characterized. The magnetic properties of the charge-neutral {CuLn} complexes are dominated by ferromagnetic Cu II -Ln III exchange interactions. Large-area electron transport studies reveal that the average conductivity of robust, self-assembled {CuLn} monolayers on a gold substrate is significantly lower than that of common alkane thiolates. Theoretical calculations of transmission spectra of individual complexes 1 and 4 embedded between two metallic electrodes show that the molecular current-voltage (I-V) characteristics are strongly influenced by electron transport through the Cu centers and thus fully independent on the lanthanide ion, in excellent agreement with the experimental I-V data for 1-4. The β-polarized transmission indicated by calculations of 1 and 4 points out their potential as spin filters. In addition, the reactivity of the title compound 1 with Cu II in a square-pyramidal coordination environment toward methanolate and azide was examined, resulting in the formation of a linear trinuclear complex, [Cu2Na(L·SMe)4]NO3·3MeOH (5), characterized by antiferromagnetic exchange interactions between the two copper ions.
INTRODUCTION
Formation of thin films consisting of magnetic coordination complexes 1 and analysis of their charge transport characteristics with controlled conductance switching defines an important niche in the development of molecular spintronics. [2] [3] [4] [5] [6] In such experiments, changing the nature of top and bottom metallic contact electrodes allows us to create specific measurement environments for assessing and modifying the large-area charge-and spin-dependent transport properties of self-assembly monolayers (SAMs). Such electrical measurements can be performed for common molecular tunnel junctions 7, 8 (e.g., Au bottom -SAM-Au top ), spin-polarized junctions 9 (e.g., Au bottom -SAMferromagnetic Ni top ) or hybrid systems involving a conformal electrode (e.g., Au bottom -SAM-EGaIn top (Eutectic Gallium-Indium). 10, 11 The latter approach offers particularly interesting perspectives for studying large-area tunneling charge transport 12 across magnetic SAMs, comparing their mechanical 13, 14 and electrical properties to those of e.g. widely investigated alkanethiol SAMs. 15 Herein we aim to determine the adsorption characteristics and the main transmission channel of 3d-4f coordination compounds characterized by intrinsically distinct magnetic states that are differently disposed relative to the Fermi levels of the metallic electrodes in the fabricated Au bottom -heterometal complex-EGaIn top junctions. Specifically, we focus on copper-lanthanide systems [16] [17] [18] [19] [20] [21] [22] [23] [24] that have shown to exhibit structural motifs of varying complexity 25 and interesting magnetic and electrical conductivity properties.
We herein report the preparation, magnetochemistry, adsorption characteristics and electrical transport properties of a family of thioether-augmented Schiff base/carboxylate copper(II)-lanthanide(III) complexes of general formula [CuLn(L·SMe)2(OOCMe)2(NO3)]·xMeOH (Ln = Gd 1, Tb 2, Dy 3 and Y 4; x = 0.75-1). With an undercoordinated copper center, the ability to modify its coordination geometry upon reaction with smaller ligands was assessed and the resulting trimetallic, lanthanide-free compound [Cu2Na(L·SMe)4]NO3·3MeOH (5) was analyzed. Both the novel Schiff base HL·SMe and its metal coordination products were characterized using 1 H and 13 C nuclear magnetic resonance (NMR), infrared (IR) spectroscopy, electrospray ionization mass spectrometry (ESI-MS), thermogravimetric analysis (TGA), and single-crystal X-ray diffraction. The molecular deposition and the formation of thin films of compounds 1-4 on a gold substrate was studied via infrared reflection-absorption spectroscopy (IRRAS), ellipsometry and scanning tunneling microscopy (STM) combined with an EGaIn tip to form molecular junctions. These large-area transport measurements were accompanied by density functional theory (DFT) calculations in order to gain a deeper insight into the conductivity peculiarities at the targeted bottom electrode-heterometal complex-top electrode interfaces.
RESULTS AND DISCUSSION
Synthesis and Stability. Compounds 1-4 were synthesized under aerobic conditions using a two-step synthetic procedure (Scheme 1). The freshly prepared Schiff base HL·SMe was first reacted in methanol under basic conditions, using triethylamine (Et3N) as base, together with lanthanide nitrate hexahydrates, Ln(NO3)3·6H2O (Ln = Gd, Tb, and Dy), or yttrium hexahydrate, Y(NO3)3·6H2O (as diamagnetic analogue) in a 2.0 : 2.3 : 1.0 molar ratio under reflux conditions for 15 minutes. A 1.0 eq. of copper acetate monohydrate (based on Cu), [Cu2(OOCMe)4(H2O)2], was subsequently added to the resulting clear orange solution that immediately changed to a dark brown color. After stirring under reflux conditions for further 60 minutes the dark brown solution was filtered off and the filtrate was stored in a capped vial under ambient atmosphere, precipitating the crystalline title compounds [CuLn(L·SMe)2(OOCMe)2(NO3)]·xMeOH (Ln = Gd 1, Tb 2, Dy 3 and Y 4; x = 0.75-1) in moderate-to-good yields after one day (24.2 % for 4 and 31.3-74.0 % for 1-3). We note that earlier lanthanide precursors (with Ln 3+ ions larger than Gd 3+ ) did not yield any product precipitation within the time frame described for 1-4 (see Experimental Section). Bigger lanthanides might lead to ligand rearrangement, which stabilizes their coordination more efficiently. (Bigger lanthanides might lead to a formation of a different 3d-4f coordination complex under other crystallization conditions, which is for their size more stable.) Compounds 1-4 are stable under air and moisture. According to TGA curves (see Supporting Information), the solvent-free compounds 1-4 only degrade above ca. 220 °C under N2 atmosphere or in air, and in that they are slightly more stable than the HL·SMe ligand (ca. 200 °C). It is noteworthy that changing the reaction components in the above-mentioned synthetic process by replacing Ln(NO3)3·6H2O with Ln(OOCMe)3·4H2O and [Cu2(OOCMe)4(H2O)2] with Cu(NO3)2·3H2O does not result in compounds 1-4. Although these reactions are characterized by the same color gradient, they produce a neutral mononuclear compound 6 with the formula [Cu(L·SMe)2] (for details see the Supporting Information), likely due to the lower solubility of the lanthanide acetate precursors (vs. the lanthanide nitrates). This complex can also be obtained by the direct reaction of the Schiff base ligand with common copper(II) salts in a 1:1 ratio in methanol.
The positive ion-mode ESI mass spectra of acetonitrile solutions of compounds 1-4 (see Supporting Information) exhibit the molecular mass peak of the [CuLn(L·SMe)2(OOCMe)2] + fragment without a NO3ion at m/z 814.012 (4) -889.059 (3) . These molecular masses are Scheme 1. Synthesis of the tetradentate Schiff base HL·SMe (= C15H15NO2S) and compounds 1-6.
detected in different intensities depending on the particular lanthanide ion (1 = 69 %; 2 = 100 %; 3 = 52 % and 4 = 100 %). Interestingly, the m/z patterns also indicate the presence of the [CuNa(L·SMe)2] + fragment at m/z 630.068 -630.086 and of the [Cu2(L·SMe)3] + fragment at m/z 944.081 -944.110. The molecular mass peak of [CuNa(L·SMe)2] + demonstrates that complexes 1-4 are coordinatively labile against sodium salts, as also evident from the synthesis (Scheme 1). The detection of this fragment by ESI-MS and the square-pyramidal Cu II environment with one vacant coordination side in 1-4 prompted us to tune the structural and physical properties of these complexes by reacting them with simple sodium salts such as NaOMe and NaN3. The addition of these to a methanolic solution of freshly prepared 1-4 in a 2.6 : 1.0 ({CuLn} : ligand) molar ratio leads to the formation of a trinuclear compound with the formula [Cu2Na(L·SMe)4]NO3·3MeOH (5) , which in its solvent-free state is slightly less thermally stable (up to ca. 200 °C) than 1-4 (see Supporting Information). 5 can also be obtained directly by reacting HL·SMe with triethylamine and Cu(NO3)2·3H2O in a 2.0 : 2.3 : 1.0 ratio at 65 °C in MeOH and the subsequent reaction of the formed dark-brown solution with 1.0 eq. of NaOMe under reflux conditions. The ESI-MS spectrum of an acetonitrile solution of compound 5 (see Supporting Information) shows the molecular mass peak of [CuNa(L·SMe)2] + at m/z 630.068 with 100 % intensity. Additionally, the mass spectrum displays the expected molecular mass peak of the monocationic fragment [Cu2Na(L·SMe)4] + at m/z 1239.144 with 50 % intensity. Although m/z 1237.146 is expected to be the most intense monoisotopic mass, due to the isotopic distribution several signals around m/z 1239 add up to a more intense peak than the former.
X-ray Diffraction Structural Analysis.
Since compounds 1-4 are quasi-isostructural ( Figure 1 ) and crystallize in the triclinic space group P-1 (see Tables S2 and S3 in the Supporting Information), we here describe the structural parameters of only the Gd derivate (1) as a representative example. All neutral bimetallic complexes [CuLn(L·SMe)2(OOCMe)2(NO3)] (Ln = Gd, Tb, Dy and Y) comprise a nine-coordinated lanthanide(III) or yttrium(III) ion and a copper(II) ion in a square-pyramidal N2O3 coordination environment. The metal centers are bridged by two deprotonated tridentate Schiff base ligands (L·SMe -) and an acetate ligand (Gd-Oacetate: 2.316(4) Å; Cu-Oacetate: 2.196(4) Å). The coordination polyhedron around the lanthanide (or yttrium) center is completed by chelating terminal nitrate (Gd-ONO3: 2.508(4) -2.517(4) Å) and acetate ligands (Gd-Oacetate: 2.432(4) -2.476(4) Å). Each Schiff base ligand L·SMeis attached to the Ln III /Y III center via its -OMe group (Gd-Oether: 2.474(4) -2.578(4) Å) and deprotonated Oalc atom of the alcohol group at the aryl ring (Gd-Oalc: 2.302(4) -2.353(4) Å). The latter and an imine group of the L·SMebind to the Cu II ion (Cu-Oalc: 1.957(4) -1.962(4) Å and Cu-Nimine: 1.998(5) -2.012(4) Å). The non-bonding Gd···Cu distance is 3.3960(8) Å. The S atoms of two thioether groups at the periphery of the structure are separated by 5.57 Å. Importantly, these thioether groups are not involved in any intermolecular coordinative bond in the crystal lattice. 26, 27 Compound 5 crystallizes in the monoclinic space group P21/c (see Supporting Information, Table S3 ). The monocationic [Cu2Na(L·SMe)4] + fragment of this complex shows a nearly linear structure with a Cu-Na-Cu angle of 178.75(6)° ( Figure  2 ). The structure consists of two Cu II ions in distorted planar N2O2 environments separated by an octacoordinated sodium ion, with non-bonding Cu···Na and Cu···Cu distances of 3.407 Å and 6.813 Å, respectively. The molecular structure is supported by four L·SMeligands, with two remote thioether groups lying roughly in the same plane as the metal centers. The shortest S···S distances are 5.04 Å and 6.25 Å, while the longest one between two sulfur atoms at opposite sides of [Cu2Na(L·SMe)4] + is 19.46 Å. Each Cu II center is coordinated by two nitrogen atoms (Cu-Nimine: 1.964(3) -1.972(4) Å) and two deprotonated Oalc atoms of the alcohol groups (Cu-Oalc: 1.887(3) -1.903(3) Å) at the aryl rings of the adjacent L·SMeligands. The distorted coordination environment of the central Na + ion is saturated by four deprotonated Oalc atoms (Na-Oalc: 2.319(3) -2.415(4) Å) and four -OMe groups (Na-Oether: 2.568(4) -2.685(4) Å) of all L·SMeligands. The charged [Cu2Na(L·SMe)4] + species is counterbalanced by a NO3anion. Upon decreasing the temperature, the χmT curves of the compounds reveal different characteristics. For 4, where a diamagnetic Y 3+ center substitutes the paramagnetic Ln 3+ centers of 1-3, χmT gradually decreases to 0.43 cm 3 K mol -1 at 14.0 K, and subsequently rapidly decreases to 0.40 cm 3 K mol -1 at 2.0 K. While the first decrease is due to the single-ion effect of the Cu 2+ center (thermal depopulation of the energy states split by a quadratic pyramidal ligand field in addition to mixing of these states due to spinorbit coupling), the second cannot be caused primarily by Zeeman splitting, considering the weak applied field of 0.1 T, but is most likely due to very weak inter-molecular exchange interactions present within the solid state. The molar magnetization at 2.0 K increases to 1.0 NA μB at 5.0 T without reaching saturation. For 1, the Gd 3+ center is, to a very good approximation, a pure S = 7/2 center. By cooling the compound, χmT continuously increases and shows three maxima, dependent on the applied field (9.97 cm 3 K mol -1 at 0.1 T and 5.5 K, 9.60 cm 3 K mol -1 at 1.0 T and 10.0 K, 8.99 cm 3 K mol -1 at 3.0 T and 20.0 K), indicating ferromagnetic exchange interactions between the Cu 2+ and the Gd 3+ center. The shift of these maxima to higher temperatures with increasing fields, and the subsequent sharp decrease of χmT are due to the Zeeman splitting and the corresponding thermal depopulation of the energy states of both centers. As for 4, the molar magnetization of 1 is not saturated at 2.0 K and 5.0 T. The respective value of 8.0 NA μB is, however, close to the expected saturation value of ca. 8.1 NA μB (Mm,sat = (gCu⋅SCu + gGd⋅SGd) NA μB ≈ (1.1 + 7.0) NA μB), gCu ≈ 2.2 derived from the χmT value of 4 at 290 K). For 2, χmT stays almost constant down to 100 K, slightly decreases upon further cooling to 10 K, and drops sharply below 10 K. We note the small change of the slope at about 30 K and the very sharp drop-off for T < 10 K, which hints at weak ferromagnetic exchange interactions between the copper and Tb 3+ centers. This is because the χmT vs. T curves of single Tb 3+ centers, characterized by similar ligand fields, exhibit a more distinct decrease starting notably at T < 50 K, and reach lower values at about 2.0 K due to the thermal depopulation of the (usually mixed) mJ substates. The molar magnetization at 2.0 K is linear up to ca. 0.5 T, and reaches a value of 6.3 NA μB at 5.0 T. At this point, a significant slope characterizes the magnetization, which is therefore far from saturation. We estimate the contribution of the Tb 3+ center for the given coordination geometry at 5.0 T as approximately half of the saturation value of the free Tb 3+ ion (Mm,sat = gJ⋅J NA μB = 9 NA μB) due to measuring the mean value (powder sample) of an anisotropic center. Taking into account the magnetization of the latter and 1, the value of Mm at 5.0 T is slightly above the sum of both contributions. Therefore, the field dependent data at 2.0 K are also in agreement with no or weak ferromagnetic exchange interactions between the Cu 2+ center and the Tb 3+ center. For 3, χmT continuously decreases to a minimum at 20.0 K with decreasing temperature, subsequently increases to a maximum at 5.5 K, and finally drops off sharply. In this case, the ferromagnetic exchange interactions between the Cu 2+ center and the Dy 3+ center are evident from the occurrence of the distinct maximum. The Mm vs. B curve at 2.0 K is similar to the curve of 2 characterized by a steeper increase of the magnetization at lower fields. At 5.0 T, Mm is 6.4 NA μB, slightly larger than the sum of the magnetization of 1 and half of the saturation magnetization of the free Dy 3+ ion (Mm,sat = 10 NA μB). Thus, the magnetization data are in agreement with the weak ferromagnetic exchange interactions deduced from the χmT vs. T curve. To quantify the underlying magnetically relevant properties, we model the data employing the computational framework CONDON, 29,30 which takes into account interelectronic repulsion, ligand field, spin-orbit coupling, Zeeman effect and Heisenberg-Dirac-van Vleck exchange interactions, by implementing the following strategies. We start by modeling the data of compound 4 to characterize the Cu 2+ centers in 1-4. To generate starting values of the ligand field parameters, we assumed a ligand field symmetry of approximately C4v during the calculations using the point charge electrostatic model (PCEM). While fitting the parameters to the data using the full basis of the 3d 9 electron configuration (10 energy states), the relation B 4 4/B 4 0 was initially treated as constant. When the already good quality of the fit (SQ, relative root mean square error) did not improve any further, the relation was allowed to vary, yet only small deviations were found. During these steps, the signs of these parameters were set as derived from the PCEM. Finally, to account for the rapid decrease of χmT at T < 14.0 K, a mean-field approach was chosen to model potential weak inter-molecular exchange interactions. The parameters of the least-squares fit are listed in Table 1 . The parameters describe a Cu 2+ ion in a square pyramidal ligand field, which exhibits very weak antiferromagnetic, intermolecular exchange interactions (characterized by zJ'). For the analyses of 1-3, we assume the Cu 2+ center to be identical to the one in 4. We neglect, however, the very weak inter-molecular interactions, since the data here are dominated by the exchange interactions between the Cu 2+ and Ln 3+ centers. Table 1 . Magnetic quantities and fit parameters of 1-5: oneelectron spin-orbit coupling constant ζ, Racah parameters B and C, Slater-Condon parameters F 2 , F 4 and F 6 , ligand field parameters B k q in Wybourne notation, mean-field (zJ') and exchange interaction (J) parameters (both in "-2J" notation), all of which are stated in cm -1 . ----294 ± 6
-1182 ± 11
-49941 ± 402 In a next step, we model the data of compound 1 to estimate the strength and magnitude of the exchange interaction between the Cu 2+ center and the Ln 3+ centers of 1-3.
Due to the well isolated orbital singlet ground state 8 A1 of Gd 3+ centers, the Gd 3+ center of 1 was modeled as an isotropic spin center with effective spin Seff = 7/2 and geff slightly less than the g factor of the free electron due to mixing of excited states into the ground state. The found exchange interaction parameter of +2.4 cm -1 indicates ferromagnetic exchange interactions between the Cu 2+ center and the Gd 3+ center, i.e. in the typical range for 3d-4f exchange interactions. 33 We employed the same strategy for the fitting procedure of the parameters of 2 and 3: Similar to 4, the starting values of the ligand field parameters were generated by the PCEM assuming a ligand field of approximately Table 1 . The ligand field parameters describe the Tb 3+ center or the Dy 3+ center, respectively, as a distorted capped square antiprism. The exchange interactions are ferromagnetic, and of same magnitude (∼ 2-3 cm -1 ) within the error margins. The magnetic data of 5 are shown as χmT vs. T curve at 0.1 T and Mm vs. B curve at 2.0 K in Figure 4 . The χmT value of 0.84 cm 3 K mol -1 at 290 K is within the expected range 28 of 0.72-1.21 cm 3 K mol -1 for two non-interacting Cu 2+ centers. By decreasing temperature, χmT slightly decreases to 0.82 cm 3 K mol -1 at 18.0 K, and subsequently drops down to 0.78 cm 3 K mol -1 at 2.0 K. This drop is potentially due to very weak antiferromagnetic exchange interactions between the two Cu 2+ centers. The molar magnetization at 2.0 K continuously grows by increasing the applied magnetic field B. At 5.0 T, Mm is 2.0 NA μB and not saturated. To model the data of 5 using CONDON, we assume both Cu 2+ centers to be identical, in line with the molecular structure. The geometry of the ligand field of both centers is approximated as a tetragonal distorted tetrahedron (D2d). Starting values of the ligand field parameters were calculated by applying the PCEM, and all 10 states of the 3d 9 electron configuration were considered per center during the fitting procedure. The result of the least-squares fit of quality SQ = 0.3 % are given in Table 1 . The two Cu 2+ centers exhibit ligand field parameters that describe a tetragonal strongly distorted tetrahedral or almost quadratic planar coordination of the central ion. The exchange coupling constant is very small, representing an antiferromagnetic exchange interaction. The small magnitude of J is consistent with the large distance between both Cu 2+ ions (6.813 Å). FT-IR and FT-IRRAS Spectra. HL·SMe was first immobilized in the form of self-assembled monolayers (SAMs) on an Au surface from a 1.0 mmol ethanolic solution to assess the structural integrity of the uncoordinated, charge-neutral ligand on the solid substrate. As the comparison of the FT-IR and FT-IRRAS spectra of HL·SMe (see Supporting Information) indicates that its chemical structure remains effectively unchanged upon adsorption, 34 we subjected complexes 1-4 to IRRAS analysis. Although a small shift of the recorded IR vibrational bands is observed due to the presence of different Ln 3+ ions in the respective compounds and thereby the resulting change in bond strengths, which is directly linked to the vibration frequency, the FT-IR spectra of 1-4 are nearly identical, as expected for these quasiisostructural complexes (see Supporting Information). Therefore, we here discuss as a typical example only the results of FT-IRRAS measurements of the Tb-containing sample (2) . As can be seen in Figure 5 , the similarity of the vibration frequencies of the recorded FT-IR and FT-IRRAS peaks in the fingerprint region, which arise mainly due to =C-H in-and out-of-plane deformation as well as C=C stretching vibrations of the aryl rings, suggests an intact immobilization of complex 2 on the Au surface. Due to the surprisingly high quality of the first-measured FT-IRRAS spectrum (denoted as "IRRAS 1" in Figure 5 ) and the small amount of solvent used for washing the Au substrate dropwise, we assume to have a thin layer of compound 2 on the gold surface. Subsequently, this Au substrate was dipped into methanol to wash the surface more carefully and a second FT-IRRAS spectrum ("IRRAS 2" in Figure 5 ) was recorded. The intensity of the obtained peaks decreases (as expected) and the remaining signals indicate that compound 2 still forms an intact thin layer on the substrate -presumably a monolayer. The insignificant difference in the wavenumbers of the peaks in the FT-IR and FT-IRRAS spectra of 2 (Table 2) is associated with the different sample forms (KBr vs. Au substrate) and the applied measurement methods (through-beam vs. reflective). 35 Large-Area Charge Transport Measurements. In conjunction with the IRRAS results, we further investigated the propensity of compounds 1-4 to form SAMs on a gold substrate as bottom electrode and thereby of molecular tunneling junctions by employing eutectic Ga-In (EGaIn) as top electrode. 10 EGaIn has proven to be instrumental in characterizing large-area junctions comprising a wide variety of SAMs. It is able to distinguish between details of the orientation of terminal methyl groups in alkanethiols, 37 resolve conformation-driven quantum interference in aromatic SAMs 13 and help determine the orientation of SAMs of proteins. 38 We succeeded in growing SAMs of the target compounds by immersing freshly cleaved template-stripped gold substrates (atomically smooth Au TS ) 39 in a ~ 0.1 mM methanolic solution of each metal complex overnight (see Supporting Information for details). After rinsing with pure methanol and drying in a gentle stream of nitrogen, the SAMs were contacted with EGaIn tips to form junctions of the structure Au TS //SAM//Ga2O3/EGaIn where "/" denotes interface defined by chemisorption and "//" by physisorption. Note that EGaIn is an eutectic alloy of Ga and In (75.5% Ga and 24.5% In by weight), the surface of which is covered by thin, conductive, self-limiting layer of Ga2O3. 40 Along with EGaIn we used ellipsometry and STM measurements to characterize the SAMs (see Supporting Information for details). Although we observe the formation of a monolayer of complexes, this type of self-assembly should not be confused with the densely-packed, upright SAMs of thiolates that form from, for example, alkanethiols. The characterization that we provide (e.g., ellipsometry and FT-IRRAS) only shows that the complexes are immobilized on the surface in a disordered monolayer. They lay flat, not upright, and are rotated randomly about the surface-normal axis and the identity of the complex does not substantially alter the structure of the monolayer.
Finally, we performed an analysis of the current-voltage (I-V) characteristics of the engineered SAMs. The results of our I-V measurements are illustrated in Figure 6 . Apart from minor differences in the shape of J-V curves (current density J = I/S, where S is the area of the junction) the four SAMs are indistinguishable. By replotting J-V data in Fowler-Nordheim coordinates (transition voltage spectroscopy 41 ) it is possible to obtain information about energy level alignment inside the junction. All values of transition voltages (VT) coalesce to ~0.3 V (see Supporting Information). This value can be attributed to the β dx 2 -y 2 main transmission channel of Cu, which lies close to the Fermi level and is shared by all compounds 1-4 (see DFT section below for details). A similar value of VT was previously ascribed to Ga2O3 in junctions comprising SAMs of alkanethiolates; 42 however, the frontier orbitals of the alkane backbone are much higher in energy than Ga2O3, which is not the case for the complexes in this study. Moreover, the transition voltages for SAMs with accessible frontier orbitals have been unambiguously assigned in EGaIn junctions 43 Most SAMs studied previously by EGaIn are chemically bound to the substrate (usually by sulfur-metal bonds). However, in compounds 1-4 the sulfur atoms are divalent (thioether) and can only weakly interact with the metal surface through physisorption. [45] [46] [47] Thus we expect i) the SAM to be poorly ordered and ii) the molecules to be weakly coupled to the bottom electrode, that is to exhibit high resistance. Due to the absence of a free thiol group to bind to the bottom substrate it was not clear whether these complexes will form a SAM and if so, whether it is possible to measure them in large-area junctions. However, all compounds 1-4 formed surprisingly electrically robust monolayers with the average yield of working EGaIn junctions of 67%. This observation may seem counter-intuitive; however, there is evidence that disordered, liquid-like SAMs yield better data, because molecular motion is much faster than the time scale of the measurement. 48 We are not suggesting that the complexes are liquid-like, only that the degree of order in a SAM is not positively correlated to the quality of the data obtained from large-area junctions measured using EGaIn. To assess the conductivity of compounds 1-4 we determined the average conductance of the combined data and compared it to the benchmark system for the SAM-based large-area molecular junctions -alkanethiolates on Ag (see Supporting Information). It was previously shown that SAMs of even-numbered alkanethiols on Ag TS and Au TS exhibit identical transport properties in EGaIn junctions, 49 which allows the comparison of the data across the substrates. To estimate the thickness of the monolayers we performed ellipsometric measurements on the monolayers and used crystal structures of the complexes. The data are consistent with the thickness of ~1.3 nm. As expected, due to the higher contact resistance at the bottom interface, the average conductivity of our SAMs is lower (~2-3 orders of magnitude) than that for alkanethiolates of equivalent length.
DFT Study of Transport Properties.
To obtain a better understanding of the collected current-voltage data showing the similar conductivity behavior for all studied SAMs, we performed quantum mechanical calculations. However, the DFT combined with equilibrium Green function (EGF) was employed to calculate the coherent transport properties of only complexes 1 and 4. The reason for this is the singledeterminant nature of the DFT, which limits the description of the f-type ions because of their degenerated ground state. 50 Although some information about the electronic structure of the f-type ions can indeed be extracted from DFT calculations, we have restricted our calculations to the non-degenerated ground-state ions Gd III and Y III .
To the best of our knowledge, no X-ray structure to build up the EGaIn electrode is available. Nonetheless, for this kind of Metal-SAM-EGaIn junctions it has been shown that the SAM and not the electrodes dominates the charge transport. 40 Due to this fact, the molecular structure of 1 and 4 as determined by single-crystal X-ray diffraction was embedded between two Au(111) electrodes as shown in Figure 7 , thus simulating the experimental two-terminal setup. As the interaction between neighboring molecules is weak according to our experimental data, a single molecule approach is hence well suited to calculate the transmission spectra. The PDOS of complex 1 (Fig. 8 , left) shows a single peak at 0.1 eV above the Fermi level (E-EF = 0) that corresponds to a molecular level with a high contribution of the β dx2-y2 atomic orbital of the Cu center. As can be seen in the transmission spectrum ( Fig. 8, right) , this molecular spin orbital has its corresponding transmission peak. Because of its proximity to the Fermi level, this energy level constitutes the main transmission channel in the junction. Complex 4 presents a very similar behavior as illustrated in Figure 9 . We note again that Cu atom has a strong contribution to the transmission near the Fermi level as in the {CuGd} analogue and the distance to the Fermi level is the same. Moreover, both the PDOS and the transmission are almost identical for both cases for the shown energy range. Thus, the transmission spectra are to a large extent fully independent on the lanthanide atom for a large energy range. This is in excellent agreement with the indistinguishable I-V curves obtained for complexes 1-3 (Ln = Gd, Tb, Dy) and 4 (Ln = Y). Because of the β-polarized transmission, we expect to observe spin-filtering properties for all set of the studied metal complexes upon their future contact with a magnetic electrode. 
CONCLUSIONS
We have demonstrated that the charge-neutral 3d-4f complexes in 1-4, exhibiting air, moisture and thermal stability, serve as a suitable materials platform for the study of largearea molecular transport properties. Although we cannot unequivocally rule out the possibility of multilayer formation based on our IRRAS experiments, the acquired STM and ellipsometry data point to densely packed, disordered monolayers of the {Cu II Ln III } title complexes. Remarkably, varying the lanthanide ion from Gd 3+ (1) to Tb 3+ (2) and Dy 3+ (3) does not have a measurable effect on the conductivity of these SAMs in Au TS //SAM//Ga2O3/EGaIn junctions, most likely due to the fact that their 4f states are too deep in energy. We conjecture that only early lanthanides, with their 4f states close to the Fermi edge, would be able to significantly affect the molecular charge transport. 51 The structural constraints of the present ligand system, however, preclude the integration of such larger early lanthanide ions. Our DFT+EGF calculations indicate that the tunneling transport should occur through the molecular spin orbital of the copper center forming the main transmission channel across the molecular junction. The results obtained open up far-reaching opportunities for investigation of this type of molecular structures toward their binuclear 3d-4f congeners by changing Cu for another 3d-metal spin center. Such a modification of the transition metal ion may have substantial effects on the electronic and magnetic picture of the molecule, thus influencing conductivity and potential spin-filtering behavior when applying a magnetic electrode.
EXPERIMENTAL AND COMPUTATIONAL METHODS
Materials and methods. The syntheses of the Schiff base ligand HL·SMe and compounds 1-6 were carried out under aerobic conditions. All commercial starting materials were used as received. Solvents were used without further purification. CHN analysis was performed using a Vario EL elemental analyzer. IR spectra of HL·SMe and 1-6 were recorded on a Nicolet Avatar 360 FTIR spectrometer (KBr pellets, mKBr ≈ 250 mg) in the range ṽ = 4000-400 cm −1 . TGA curves for HL·SMe and 1-5 were obtained in air and under a nitrogen atmosphere with a heating rate of 5 K min −1 in the temperature range 25-800 °C by using a Mettler Toledo TGA/SDTA 851e instrument. The ESI-MS spectra of HL·SMe and 1-6 in the positive ion mode were recorded on a 4000 QTRAP mass spectrometer system by using the LC/LC-MS method with direct infusion. 
Synthesis of the Schiff base (HL·SMe). 2-Hydroxy

Synthesis of [CuGd(L·SMe)2(OOCMe)2(NO3)]·MeOH (1). The
Schiff base HL·SMe (0.137 g, 0.5 mmol) was dissolved in 10 mL of methanol, and triethylamine (0.08 mL, 0.58 mmol) was introduced into the solution. Gd(NO3)3·6H2O (0.113 g, 0.25 mmol) was added and the reaction mixture was refluxed for 15 minutes to give a clear orange solution.
[Cu2(OOCMe)4(H2O)2] (0.050 g, 0.13 mmol) was then added, which resulted in a color change to dark brown. The methanolic solution was refluxed for 1 hour, filtered off and the filtrate was stored in a capped vial at room temperature. Dark brown single crystals of compound 1 were isolated after one day and washed with a small amount of ice cold methanol. Yield of the air-dried crystals: 0.074 g (31.3 %). 
Synthesis of [CuTb(L·SMe)2(OOCMe)2(NO3)]·MeOH (2).
Compound 2 was synthesized following the procedure described for compound 1, replacing Gd 
